a This paper reports on the piezoresistive effect in p-type 3C-SiC thin film mechanical sensing at cryogenic conditions. Nanothin 3C-SiC films with a carrier concentration of 2 Â 10 19 cm À3 were epitaxially grown on a Si substrate using the LPCVD process, followed by photolithography and UV laser engraving processes to form SiC-on-Si pressure sensors. The magnitude of the piezoresistive effect was measured by monitoring the change of the SiC conductance subjected to pressurizing/depressurizing cycles at different temperatures. Experimental results showed a relatively stable piezoresistive effect in the highly doped 3C-SiC film with the gauge factor slightly increased by 20% at 150 K with respect to that at room temperature. The data was also in good agreement with theoretical analysis obtained based on the charge transfer phenomenon. This finding demonstrates the potential of 3C-SiC for MEMS sensors used in a large range of temperatures from cryogenic to high temperatures.
Introduction
Wide band gap semiconductors such as gallium nitride (GaN), silicon carbide (SiC), and diamond like carbon (DLC) have been of signicant interest for harsh environment applications.
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Among these materials, SiC has proved to be an outstanding candidate owing to its chemical inertness, availability of materials, as well as well-established fabrication technology including the capability of growing on a Si substrate. Numerous SiC based Micro Electro Mechanical Systems (MEMS) sensors have been developed, including UV sensors, gas sensors, and mechanical sensors.
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For structural health monitoring systems, the use of mechanical sensors is imperative; for example, strain sensors can detect crack generation, while pressure sensors can be employed for the feedback control of an engine to enhance its fuel efficiency. A large number of studies have been carried out to investigate the piezoresistance in SiC for mechanical sensing applications. With the capability of tuning the energy bands under strain, SiC exhibits a relatively high gauge factor ranging from 10 to 50. [13] [14] [15] [16] Along with the large Young's modulus and excellent mechanical strength, the piezoresistive effect in SiC has been utilized in applications requiring fast response and extreme mechanical loads such as high-shock sensors and high-g accelerometers. 17 Additionally, piezoresistive SiC pressure sensors which can operate at high temperatures have also been demonstrated. 18, 19 For instance, Okojie et al. developed 4H-SiC pressure sensors which can function up to 1000 K. 20 Although numerous studies have been conducted on SiC at high temperatures, the piezoresistance of the material at negative temperatures has rarely been reported. As low temperature tolerance is imperative in several elds (e.g. space exploration where temperatures can be below 100 K), 21, 22 investigation into the feasibility of SiC for low temperature applications is signicant.
This work reports for the rst time the piezoresistance of ptype 3C-SiC at low temperatures down to 150 K. Our experimental results show that the gauge factor of p-type 3C-SiC lms slightly increased with decreasing temperature, which is in good agreement with theoretical analysis.
Results and discussion
The growth process of the SiC lm can be found elsewhere, 23 in which low pressure chemical vapor deposition was utilized to epitaxially deposit SiC on a 6-inch Si wafer (p-type with a carrier concentration of 10 14 cm À3 ). The crystal quality and surface roughness of the SiC lms were reported in our previous studies. 24 The SiC lms were found to be p-type semiconductor with the carrier concentration found to be approximately 2 Â 10 19 cm À3 using Hall-measurement and/or hot probe technique. Following the SiC deposition process, lithography and inductive coupled plasma etching were employed to form SiC micro resistors with dimension of 550 mm Â 50 mm Â 380 nm.
Subsequently, aluminum was deposited and patterned to form the electrodes for the SiC resistors. Finally, UV laser engraving was utilized to form SiC on Si diaphragm with dimensions of 7 mm Â 7 mm Â 150 mm. UV laser engraving was chosen due to the high etching rate of 16 mm min À1 in comparison to other dry etching methods with etching rates of typically below 10 mm min À1 . This high etching rate allows quick prototyping of pressure sensors. 25 In addition, the use of laser engraving eliminates the requirement for the hard-mask used in backsideSi-etching, which signicantly simplies our fabrication process (see the ESI †). Subsequently, the as-fabricated pressure sensor was mounted on a home-built PCB board to form an enclosed chamber under the SiC/Si membrane. Fig. 1 (a) and (b) show photographs of the SiC/Si pressure sensor.
Initially, the piezoresistive effect of the SiC lm was characterized at room temperature using the experimental setup shown in Fig. 1(c) where the PCB boards were placed on a heating/cooling chuck. A thin layer of thermal grease was applied between the surface of the PCB and the chuck to enhance the thermal conductivity. The Linkam™ chamber was then lled with Ar gas to apply pressure to the sensor. The applied pressure was controlled using a pressure regulator with a manual incrementation of approximately 0.25 bar per step. Further detail of the experimental setup and its schematic sketch are presented in the ESI. † The applied voltage at the SiC resistor was then xed at 0.5 V, and the current was monitored and recorded using an Agilent™ Semiconductor Device Analyzer B1500 while increasing the gas pressure. It is evident from Fig. 2(a) that the current decreased with increasing pressure from 0 to 2.1 bar, indicating a positive gauge factor in the ptype 3C-SiC. The current also returned to its initial value when the applied pressure was completely released. Additionally, the variation in the current due to the applied pressure at room temperature shows excellent repeatability aer several pressurizing/depressurizing cycles, as illustrated in Fig. 2(b) . Fig. 2(c) plots the resistance change of the SiC resistor against applied pressure, showing a good linearity which is preferable for mechanical sensing applications. The strain induced into the SiC resistors was estimated based on nite element analysis (FEA) using COMSOL Multiphysics™. It should be pointed out that since the thickness of the Si substrate was signicantly larger than that of the Si membrane, the strain applied to the SiC piezoresistor was almost the same as that of the top surface of the Si membrane. Additionally, since the SiC resistor was located at the center of the edge of the SiC/Si membrane, the shear and transverse strains were approximately two orders of magnitude smaller than that of longitudinal strain, Fig. 2(c) inset. Therefore, only the longitudinal gauge factor signicantly contributed to the response of the SiC resistors under applied pressure, while the inuence of shear and transverse gauge factors was negligible. Based on the simulation results, the longitudinal strain applied to the SiC resistor under a pressure of 2 bar was found to be approximately 600 ppm. Consequently, the longitudinal gauge factor (GF l ¼ (DR/R)/3) of the 3C-SiC resistors were found to be 30. This result was consistent with our previously reported results, measured using the bending beam method.
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The temperature of the device was then reduced using liquid nitrogen. The temperature of SiC/Si chip was estimated by the set-temperature of the thermal chuck aer a calibration test relating the chuck temperature to the temperature reported by a commercial thermocouple epoxied to the surface was completed. The I-V curve of the resistance at 150 K shows good ohmic contact between Al and p-type SiC was maintained at low temperatures. Furthermore, the current leakage to the substrate at low temperatures was signicantly lower than the current passing through the SiC resistors as plotted in Fig. 3(a) . This is due to the discontinuity between the valance bands of SiC and Si as well as the reduction of the charge carriers in Si substrate, resulting in less hole tunneling through the potential barrier between SiC and Si at low temperature. It should also be noted that, the designed SiC resistors possess four electrode pads, enabling four-terminal measurement. However, since the contact resistance was signicantly smaller than that of the SiC resistor, the two-terminal measurement was applied to monitor the change of SiC resistance under applied pressure.
The piezoresistive effect of the SiC pressure sensors at cryogenic temperature was then investigated by pressurizing the chamber using Ar gas as described above. The gauge factor of the SiC lms at low temperature was calculated in which the change in the stiffness of Si membrane with temperature was taken into account (DE Si 
is the temperature coefficient of Young's modulus).
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Fig . 3(c) shows the relationship between the gauge factors and temperature. It is evident that, there was a small change in the piezoresistive effect in the p-type 3C-SiC at low temperature; the gauge factor increased from 30 at 300 K to 36 at 150 K. The piezoresistive effect in p-type semiconductors is caused by the splitting of heavy hole and light hole bands when the materials are subjected to a mechanical strain. Under the deformation of the energy structures, the holes will re-populate between these two bands, following the Boltzmann distribution:
where i ¼ 
Since the change in the electrical conductance is propositional to the modication of the hole concentration, the gauge factor of p-type semiconductor can be simplied as:
where C is a constant representing the magnitude of the piezoresistive effect, which can be empirically obtained from the gauge factor measured at room temperature. Accordingly, the third component of eqn (3) ððF À1=2 =F 1=2 Þ=k B TÞ depends not only on temperature but also on the carrier concentration. This component was calculated using the Chang-Izabelle 30 approximating method and plotted in the inset of Fig. 3 . The analytical result show that F À1=2 =F 1=2 =k B T was higher at low carrier concentrations, exhibiting the same trend as experimental data reported in the literature. 31 It also evident that the ratio of the Fermi-Dirac integral to k B T was relatively stable for high carrier concentration, but changes markedly with temperature for low doped SiC. This result was consistent with our experimental data plotted in Fig. 3(b) showing the stability of the piezoresistive effect in p-type 3C-SiC at temperatures down to 150 K.
Conclusion
This work investigated the piezoresistive effect in highly doped p-type 3C-SiC grown on a Si substrate in cryogenic temperatures. A large and temperature-stable gauge factor of above 30 was found in the p-type 3C-SiC. The stability and the high sensitivity of the piezoresistive effect demonstrate the potential of p-type 3C-SiC for mechanical sensing at cryogenic temperatures.
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